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What can go wrong?

20th of June 2023

A fire starts in an e-bike
repair shop in New York
killing 4 people that were
asleep in the apartments
situated above the shop.

Source: The Guardian
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Etteplan

A growth company

A rapidly growing and
developing technology
service company

Customers among
global machine and
equipment
manufacturers

High-level of
competence
and service attitude

Founded 1983 | Nasdaq Helsinki Ltd
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REVENUE, EUR MILLION 2023

REVENUE AND OPERATING PROFIT (EBITA), %

300.1 3502 360.0

Revenue,
EUR million
100 97 8.6 B Operating
profit
2021 2022 2023 (EBITA), %

REVENUE BY CUSTOMER SEGMENT 2023

M Industrial Machinery and
‘ Equipment 18%
& Energy 13%
' .'r-:;':

Forest, Pulp and Paper 12%

~4,000

INDUSTRY PROFESSIONALS

REVENUE AND REVENUE GROWTH, %

350.2 360.0
300.1 Revenue,
’—-\ EUR million
156 W 1679 28 B Revenue

growth, %

2021 2022 2023

REVENUE BY GEOGRAPHICAL AREA 2023 (2022)

Chemical 5% i B Finland 51% (52%)
Scandinavia 24% (25%)
ICT 3% Central Europe 22% (19%)

Consumer 3% M China 3% (4%)

M Aerospace and Defense 4%

Automotive and Transportation 11% B Marine and Offshore 2%

;I?i || Mining 9%

i\ I

] Lifting and Hoisting &%
M Medical Technology 5%

Metal 2%

M Other 7%



Etteplan Global presence

in Europe, Asia and North America

Sweden
fitt 700

- > e
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|

USA

Customer projects managed from N

Europe and through partners Finland
ifit 2010

~a

T2 : £ 26

Poland
it 200

The Netherlands Germany 8
i Vi 450 n
£ 14 ,,

Number of employees

Number of offices



The Batte ry Creating Value

S p e C i al i St % Supports customers in achieving safe, reliable, and cost-efficient battery
solutions with optimal performance.

Team .

“ Provides services across a wide range of battery types, including

portable power products, automotive, industrial, and stationary

Improved product

batteries.
safety PERETES

% Guides clients through every phase, from early development to

Regulatory compliance recycling.

% Leverages a deep industrial and academic background in battery

Cost-efficiency in technology.
product development
% Possesses in-depth knowledge of electrochemistry and advanced

materials.

4 Reduce time-to-market

% Independent subject matter expertise.
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Li-10Nn battery
market trends




Driving Forces Behind Electrification

--------

(TS

Sweden aims to become carbon neutral by 2045
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Driving Forces Behind Electrification

from the perspective of a specific industry — Mining

p—

» Cost reduction w1 P
e \Work environment
e CO2 reduction

= ¢ "Green” minerals
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T
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World Battery Market Overview

Battery market in value 2016-2023,
worldwide, US$ Bn

Market value 2023:
i >250 US$ Bn

(1) Non rechargeable - Source: AT Kearney, Duracell. Avicenne
Based on selling price from manufacturer to retailer

October 24
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Li-ion Battery Market 2015-2023

§ In 2023, EV, e-buses & e-trucks account for 75% of the li-ion battery market with a

total LIB market of 1 200 000+ MWh

Li-ion Battery sales worldwide, 2000-2023, MWh

®m Others (2)
= Industnal, ESS
E-Truck

400 000 Auto, e-bus China

200 000 = Auto, e-bus, Excl. China §

® Electronic devices

October 24
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CAGR . ,,: 37% per year in volume

Phones
1™

Portable PC
66%

Electronic
devices Auto, e-bus, Excl
5 }1 v China
) e
: %

B .uto, e-bus China
3-"'




Li-1on Battery Market 2020-2030

The Lithium-ion battery market will grow from =+1200 GWh in 2023 to =4,200 GWh in

2030, with a CAGR,, ,, of 30% in volume

Li-ion Battery sales, Worldwide, 2000-2030, MWh

B Electronic devices
Auto, e-bus, Excl

China
Auto, e-bus China

E-truck
B Industrial, ESS
B Others (1)

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
(1) Others medical devices power 100l Gardenmg 100is. +-Dikes

October 24 Source Avicenne Energy 2024
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Li-ion Battery sales, Worldwide, per application :
2023 =12 TWh

2030: =42 TWh

E-truchs 12% Others, 4% ]
Electronic devices, 1%

Industnal
ESS B ‘ Auto, e-Bus
Excl. China,51%
Auto e-bus
China 24%




Battery Pack Prices 2013-2023

Pack-to-cell price ratio is recently plateauing at ~1:5 Prices are converging across sectors

Real 2023 %vWh Z E-bus & commercial (China) Passenger BEV Statonary storage

78 E-bus & commercial (ex Chuna)

s‘n O /kWh

Commercial EV pack pnces ex Ching
are Converging on sverage pnces n the
BEV and ESS secton 400

Source | Volta Foundation. Battery Report 2023

C etteplan




™ 3 . |
P »”
f = | —

Futu re batterles

— .’A

ﬁ\

__.) ; :

L] —



Solid-state batteries I1n the news

‘Superfast’ LFP battery to offer 249-mile
range with 10-minute charge

By Natalie Middleton / 1 week ago / Latest News, Top Stories

EV ‘HOLY GRAIL' UNLOCKED WITH LAUNCH OF SIX-MINUTE CHARGE CAR

O June 13, 2023

CATL touts breakthrough in cold-weather
EV charging

Reuters

July 6, 2023 2:35 PM GMT+2 - Updated 2 months ago 5 . : "
New materials discovered for safe, high-performance solid-
state lithium-ion batteries

Toyota Reveals Solid-State EV Battery with 745-
Mile Range, Cuts Emissions by 39%

© etteplan 15



Solid-state batteries

Lithium-lon Batteries

Anode
Electrical Contact

Anode (-) u

r Polymer Separator

Cathode (+) 7

Cathode
Electrical Contact

Solid-State
Lithium-Metal Batteries

Lithium-Metal Anode

Electrical Contact
Anode (-) e

- Solld-State
s Ceramlic Separator |

r Cathode (+)

Cathode

P
“S__ Electrical Contact

C etteplan

Advantages:

Increased energy density
Enhanced safety

Stability & durability

Technological challenges:

Power capability

Reduced lifetime
performance

Production cost

16



Solid-state batteries

“Still 5 years away...”

Key challenges remain for many companies:
Develop room temperature solid electrolyte
All solid-state batteries
Swelling/Stable interfaces between materials
Industrial scale up of new materials and new processes

Anode-electrolyte Cathode-electrolyte
interface

Operating

~
7 Metal Solid Inter-particle ~ temperature

/ anode electrolyte interface ~
7/ N

/2 m mm m mmE mm E o E s mm e mm o Em o mm o ommoE -

Charging rate

for tast chamgng

Main solid electrolyte technologies
Cycle life,

At armbeant termperature

Cell volumetric
density

Cell gravimetric
density

Operating
pressure

e etteplan Source | Alexandre Dominget, SAFT/Total, Sriram Ramanoudjame, BlueSolutions, Batteries 2022 17



Sodium-ion (Na-1on) Batteries

Na-ion vs. Li-lon batteries:

Complementary rather than competitive ® i cutensron

. ; ) . wp Gen? U™ o 3
Na-ion is not a revolution but an evolution & e 1 o3 ;
Advances to match LFP cells in terms of ot DB
energy density —

Could be suitable for e.g., stationary energy Lo

storage and EV busses “'\*\_,
Current research on Na-ion began ~10 | Jienstird T _b .

CATL . ,

years ago '{,’ ALTRIS nNatron Energy Sodium-ion famlly

10-20 years to commercialize a new material in
the battery industry

Source | JM Tarascon, College de France, Hevré Beuffe, TIAMAT, Batteries 2022
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Avoid Delayed Cost of

Extracting Defects

Commitied Cosls

- 85%
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Figure 2-3 Committed Life Cycle Cost against Time
Source | INCOSE handbook
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Investments in early development pays off
E.g. Focus on battery system safety vs. cell safety

|dentify key product specifications — DON’T RUSH!

Use regulatory safety requirements as guidance
E.g. the battery regulation EU Regulation 2023/1542
for batteries and UN ECE R100 for battery vehicles

CE-marking (industry) or Type approval (vehicles)?
E.g. 1ISO 13849-1:2023 which relate to IEC 62619; or
the 1SO 26262 series for type approval

Safety testing on battery system and cells
E.g. system safety monitoring software tests, and risk
mitigation validating tests

20
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Regulatory
Design
Guidance
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Intended

Use...
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Safety Tests In
Standards and

- Thermal
RegL“athnS — Crash/Shock — Stability with Fxternal short
Cooling Failure
« Compliance
requirements in | Mechanical | Overheating | Internal short
regulations Integrity control circuit
Design guidance on Vibraion internal short
system safety by CE- | Endurance —  Immersion — circuit causing
marking and Type propagation
Approval
: LI . Overcharge
Failure mitigation by —  Drop Test —  Salt Spray u B eint
passive features or
BMS when
malfunction detected
Penetration Force Coolant | Forced
Leak discharge

E etteplan




A Downside
of Guidance
by Test Specs.

Freedom of Design
Restricted?

« Guidance by Test
Specifications

or

Risk Management
A EWAICRGUYYAY

E etteplan

G .

Determination of the limits of
the machlnery (see 5.3 2)

) Risk assessment carried out in
accordance with ISO 12100

'

Hazard identification
(see clause 4 and 5.4 2)

i

Risk estimation
(see 5.52)

!

Risk evaluation
(see 5.62)

|
i Yes
i
|
|

This Iteratlve risk reduction

| process shall be carrled

i out separately for each
hazard under each

! condition of use (task).

Are other
No hazards

Has the risk
been adequately
reduced?

Risk reduction process
for the hazard:
1 by Inherently safe deslgn,
2 by safeguards,
3 by Information for use
(see Flgure 12)

Does the

protective measure
selected depend on a
control system?

No

generated?

Iterative process of the design of
safety-related parts of the control system
(SRP/CS) (see Flgure 3 b)

v |

TR B (SR S PR (R Sy —_ SO L ——

Refers to 1SO 12100:2010

Refers to this part of ISO 13849

Source | ENISO 13849-1 & ISO 12100:2010
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-
MIL Testing PIL Back-to-Back Testing
l I I (Simulink Test, Simulink Reguire: . S ink Coverage) (Simulink Test)
_______________________________________ e |

SIL Back-to-Back Testing
Architecture Verification Prevention of Unintended Functionality

1
b :
' . 1

]
A (Simulink Test, Simulink Requirements) ! ' (Simulink Test, Simulink Coverage) !
|  |mememeemccccccccccccccccc—=- | | reewsrssrssscsscesssesesese ]
a e L | L = |
i Static Model Analysis | ' , :
b I :
: i - i
' H i !

|
] 1 ]
i ! :
: ' (Simulink Check, ! Static Code Analysis
i : '
] ) 1

Simulink Design Verifier) {Polyspace)
; ¥ - k4 X L 4 - =
System N Software Software Implementation Generaled Integrated Object
Requirements Requirements Architecture A Model C/C++ code il Code

1ISO 26262

Requirements Architecture Development Modeling
Authoring (System Composer, (Simulink, Stateflow

Code Generation
(Simulink Requirements) Simulink, Stateflow) Fixed-Point Designer) (Embedded Coder)

Aspects of electrical
and/or electronic
systems.

HIL Embedded Software Testing
{Simulink Test, Simulink Real-Time)

Functional safety
decomposition for

Static Code Analysis

' (Pol )
} Below dashed boxes are implemented and verified as described in Model-Based Design Phase W"é .
gessessccndesnsnecannn B - SERSRGESSRNnan.SnE S e R R e
) yS t ems y h ar d ware y an d System . Software : i Software : ,i Implementation : ] Generated '§ Integrated »| Embedded ECU
- - Requirements . Requirements : E Architecture : H Model . '. CIC++ Code : » CIC++ Code A Software
Software eng Ineeri ng Dessnonseesusumaensant O | QN T P Secemssssessassesd

Code Verification

pommmmmmmmmmmmmmm s o

'

' Static Code Analysis i Building
' {Polyspace) :

' '

'

' O z

Design Handwritten
Specification CIC++ code

e etteplqn Source | Jason Moore and John Lee, Best Practices for Developing ISO 26262 Applications with Simulink; White Paper 26
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Foster the
Roots

Harvest the
Fruits

E etteplan

28



Sequence of events leading to battery failure

Root cause Failure mode Effect
Manufacturing defects Short circuit Benign failure
- Contaminations - Internal - Ageing
- Defects - External - Cell shut-down
S st Overtemperature
Cell Overcharge More heat
: : Reaction rate 7
Pack - Li plating
Safety electronics - O release THERMAL RUNAWAY
Over-discharge
SRR : : Cell heating
System - Cu dissolution & _
plating - Fire
External _abuse Over-current - Propagation
Electrical Gas generation
Mechanical - Local overcharge - Swelling
Thermal - Resistive heating - Venting
Humidity & dust Corrosion - Rupture/projectile

- Gas explosion
C etteplan 29



Thermal 1 &
— © O | ',
Runaway o |
'Mechanical Electrical Th ., Fire
- Abuse Abuse h h ::?
' |
Build-up of battery Ln—‘ | u:::\:a Explosion

internal temperature 5

Crush
Penetration
Overcharge
Overdischarge

)

h| Extreme Temp

Overheat

Three Abuse i)
Conditions Deformation | “»{Dendrite Gro

-

! b
ol OO0 OIDOOC

. o
1 o [ollefe s olele)
T et C O B ) o e e
Separator Separator Separator
Tearing Piercing Collapsing
( Internal short circuit i
3 : : unaway

Internal short circuit: the most common feature of ThR (Feng et al. 2018)

E etteplan 30




Design for
Safety

Mitigate failure
consequences
by design
PREVENT

CONTAIN

E etteplan

Non-propagation design

Separation distance

Cooling plates

Fire containment

Fire suppression

Battery
abuse

Smoke detection

Cell chemistry

Cell design
Quiality control

Thermal management
BMS

Mechanical &
electrical robust

Gas detection

Abnormal
temperature
monitoring

31



Key strategies for Li-lon batteries

Cell Design & Selection

Early Warnin Safe for Escapin
Battery Management System (BMS) y ‘ i ty p =
= Monitoring & Control
= Balancing ; Propagation

Environmental Consideration

RN

= E.g. IP-class, insulation, corrosion

Thermal Management

= Active Cooling System A three-level strategy of reducing hazard caused by thermal runaway (Feng et al. 2018)

= Thermal Insulation

Safety Features

C etteplan 32



Important to stop the
propagation or at
least delay the

o o Cooling plate l Firewaill Battery module
. - CD  safety vent —
Failure
Propagation
Mitigation S U
Cell-level safety * < Fire walls
components ‘ K . .
- Propagation (e.g. : E : :
fire) can occur - ; : . - o
between m any levels Cells é Modules ? Subpack/pack s Systerrrl :‘ Spphcattaer

]
|
|
-
u
LY
)
)
)
.
)

propagation

Multi-level failure
mitigation strategies

il d
= _--. l' e
¢ T

Battery packs

Gas filtration
© etteplan Spatial separation of (sub) packs 33




s Overcharge Thermal runaway
e oltage i Y 400
. ==Temperature
Faillure
6r 4| {300 O
> Vinax : <
-~ o J Q
- P } _.}: g 250 é
25 & {4200 ©
S o g
= o K—wo -
- - - 4 ._'__,_..-uu' ﬁ
I\/I I t I a.t I O n i 100
:..u /.. -50
% 20 40 60 80 100 120 140 160 180
SOC /%
Batte ry Man agement The results of overcharge induced ThR for a
commercial lithium-ion battery (Feng et al. 2018
System (BMS) y (Feng )
r EY
1 1
) Level I i Level I1 i
Balancing — 2 2} ay)
%) = 2]
. . & Sl ks
Monitoring & & £l £l 5
Control = Z: &) Unstoppable | 2
> S| Depend on “’: &
Self-extinguish E: heat dissipation f ﬁ
behavior : 1
il'.\'nlurinn of Spontaneous ISC i
i i ;
Voltage Slow decrease : Fast drop : No voltage
He: Slow self-discharge : Joule heating {Ioule + Chem. Reactions
" No obvious heat : Obvious heat : Massive heat release
1 1
Early Electrical i Electrical-thermal i Too late
Warning approach 1 coupled approach 1
< . @

E etteplan The three levels of internal short circuit (Feng et al. 2018) 34




Failure mode: Over-charge/discharge

Stability window

SOC Operating Window

% 4.2 Volts |~
§ Coulombic Efficiency LOSS High Charging Stress |
— Reduces Life

0] Disch i vercharge Ris

8 2.0 Volts ‘- e I T_g-: ghargir:wggpoie:(
: [/ .

" — ! High Discharge Stress Low(fg:ﬁ:rr;g;;vfgi;enw

Never use cells outside of specification! Low Discharge Effciency
Charging to voltages higher than the specified o S ETO '

Ideal SOC working range

safe limit —e.g. >4.2 V per cell

Discharging to voltages lower than the
specified safe limit — e.g. <3.0 V per cell

C etteplan



Faillure
Propagation
Mitigation

e Thermal
Management

« Active Cooling
System

e Thermal Insulation

E etteplan

Perilous Area

Damage Area
80 | @eeeeseseeaaeeaas
Safe Area
EEl o - canm = : = Overcharging: cathode
e structure is destabilized,
ar electrolyte reacts sharply
Norma' Area with cathode and anode,
Low voltage: copper fail and lithium dendrites
is oxidized, and inner startsto form.
short path starts to form.
Voltage (V)

o Below —50°C, weak power performance is observed,
i and lithium plating risk increases.

Operating voltage and temperature are two factors that impact Li safety.

This example is for NCM cells. (Dung et al. 2020)
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Failure mode: Overheating Control

C etteplan

Electric vehicles

Heating
o Internal heating
e Externla heating

§355544

Heater

ﬁ Heat generation

e Constant value
e \/ariable value

Passive Cooling

PCM Cooling @ HP Cooling

Active Cooling

Air cooling @ liquid cooling

Battery cell types
® Battery types

® Battery characteristic comparasion
e Cost review

Hybrid Cooling

* PCM + |

PCM + Air

Thermal
pnnagement module

e HP + PCM

37



Summary & Conclusion

= Battery Management Systems (BMS): Monitors and controls temperature, charge, and discharge rates.
= Thermal Management: Uses cooling mechanisms to maintain safe operating temperatures.

» Fault Detection: Identifies and mitigates potential issues before they escalate.

» Human Safety & Device Integrity

= Regulatory Compliance

Compromising on safety for the sake of cost or development speed is not an option.

Prioritizing robust safety systems in Li-ion battery design is essential for protecting users,
devices, and the company's reputation.

© etteplan
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Questions?




For the better

Anton Nyten, PhD
Battery Technology Director ettepldn

Anton.nyten@etteplan.com
0725-761088
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